Abstract Spectral albedo and transmittance in the range 400-900 nm were measured on three separate dates on less than 15 cm thick new Arctic sea ice growing on Kongsfjorden, Svalbard at 78:9 N, 11:9 E.
Introduction
Due to the high albedo of sea ice compared to open water, sea ice acts as a radiation shield that greatly reduces the solar energy entering the Arctic Ocean, thus limiting biological activity and ocean heating [e.g., Arrigo et al., 2008; Perovich, 1996] . But the sea ice cover is not a solid, continuous area of ice. It breaks up due to forcing by wind or currents to form leads, which are important for the exchange of heat and radiative energy between atmosphere and ocean [e.g., Eisen and Kottmeier, 2000] . During the first half of the sunlit season, air temperatures are low enough to permit new ice to form in leads. Further, during early stages of autumn freezeup there may be large areas of new, thin ice while the sun is still above the horizon [Ehn et al., 2007] . Such thin ice allows more light to enter the ocean than thicker ice or snow-covered ice, but less than open water. Understanding the radiative properties of thin ice is therefore necessary and important in order to gain a complete understanding of the light conditions in the Arctic Ocean.
Ice thicker than 1 m keeps much of the incident sunlight from reaching the ocean, especially when snow covered. Nicolaus et al. [2010] reported mean PAR (photosynthetically active radiation) transmittances in the range 0.001-0.097 for about 2 m thick ice during the Tara Drift of 2007, the highest values occurring after all snow had melted. Light et al. [2015] reported peak transmittances of 0.05-0.3 in the 380-890 nm region for 0:83-2:04 m thick bare, melting ice, during the ICESCAPE cruise. Ehn et al. [2011] found PAR transmittance of 0.05-0.16 through 0:66-1:25 m thick bare ice. Ehn et al. and Light et al. measured transmittance through both melt ponds and bare ice, with higher transmittances seen for the ponded areas, partly due to thinner ice below ponds.
and Maykut [1977] , to investigate the effect of ice thickness (in the range 0:2-0:8 m) on albedo and transmittance. Perovich and Grenfell [1981] reported on the optical properties of ice up to 25 cm thick, which was grown in a laboratory. Perovich [1991] measured albedo in a freezing lead during autumn and used a radiative transfer model to estimate transmittance, in the 400-1000 nm range. For 10 cm thick ice, he obtained bulk values of 0.14 and 0.80 for albedo and transmittance, respectively. The transmittance dropped to 0.47 for 13 cm thick ice with 0:5 cm snow cover. The snow caused an increase of albedo to 0.48. Ishikawa et al. [2002] cut holes in existing ice and performed measurements on the new ice forming in the artificial lead. They measured albedo and transmittance for wavelengths in the range 400-1050 nm, as well as heat fluxes, as the ice grew from 0 to 11 cm. They found transmittances of 0.42 and higher for snow-free ice near Finland, and around 0.2 and higher for snow-covered ice near Japan. Rasmus et al. [2002] performed measurements of albedo and transmittance on about 30 cm thick ice in the Gulf of Finland, for wavelengths in the range 300-850 nm. The PAR transmittance was reported to be 0.136. In these studies, measurements were not performed of the absorption by particles and CDOM (chromophoric dissolved organic matter) in the ice. A more comprehensive study in the same region as that by Rasmus et al. [2002] is that by Ehn et al. [2004] . Ehn et al. found spectral transmittance between 0.25 and 0.42 in the PAR region for most of the measuring period, with ice thicknesses of 21-28 cm. After the ice had melted to a thickness of 10 cm, spectral transmittance was seen to be 0.66-0.73 in the PAR region.
Here we present measurements of albedo and transmittance spectra performed on newly formed ice in Kongsfjorden, near Ny-Ålesund, Svalbard, as well as results of analyses of measured spectra using a radiative transfer model to which measured CDOM and particle absorption are parts of the input. Several previous studies of the optical properties of sea ice have been performed in Kongsfjorden [Gerland et al., 1999; Hamre et al., 2004] though not on ice this thin.
One of the motivations for this work is the rather few studies on very thin ice at high latitudes. With the ice cover becoming thinner and younger [Maslanik et al., 2007] , we are seeing a more seasonal ice cover in the Arctic [Zhang and Walsh, 2006] . A thinner ice cover may be more fragile and dynamic, and therefore see more refreezing leads, and hence more new ice. These ongoing changes in the Arctic sea ice cover make knowledge about new, thin ice important for a more complete understanding of radiative processes in the ice-covered Arctic.
Measurements and Modeling

Measurements
Measurements of albedo and transmittance of growing sea ice were made in April 2010, near Ny-Ålesund, Svalbard, as part of the project AMORA (Advancing Modeling and Observing solar Radiation of Arctic seaice) [Nicolaus et al., 2015] and monitoring of sea ice in Kongsfjorden [Gerland and Renner, 2007] . The ice started forming on 15 April, and data were collected 17, 21, and 25 April. During this 9 day period the ice grew from a thickness of 7-14:6 cm. The ice was free from snow the two first days, while on 25 April a layer of fresh slushy snow with a thickness of about 2 mm had fallen on the ice. This snow layer melted gradually during the measurement period. The albedo and transmittance measurements were repeated after removing the remaining snow along the transmittance transect, but leaving the snow untouched under the stationary rack for albedo measurements. On all 3 days the ice along the measurement transects appeared homogeneous by eye.
Irradiances above and below the ice were measured using three Ramses ACC-VIS hyperspectral irradiance sensors (TriOS Mess-und Datentechnik GmbH, Rastede, Germany). These are cosine collectors with a wavelength range of 320-950 nm. Above the ice, two sensors were mounted on a rack about 1 m above the surface, measuring the downward and upward irradiance. Below the ice, a sensor mounted on a sled made of light blue expanded polystyrene, similar to that used by Nicolaus et al. [2013] , measured the downward irradiance. The sled was pushed 10-15 m away from an entrance hole cut in the ice, pulled back in steps of about 0:5 m, and the downward irradiance was measured at each step. Irradiance spectra under ice free from snow were obtained at 42 and 21 points along the transect on 17 and 21 April, respectively. On 25 April, irradiance spectra were obtained, first at 14 positions under the snow-covered ice, and then at 11 positions after removal of the snow. The entrance hole for the sled was a few meters away from the albedo rack (Figure 1 ). The sensor underneath the ice was placed about 1 cm from the ice bottom (see inset of Figure 1 ), where the sled is shown. Data from the under-ice sensor were calibrated using the manufacturer's immersion-corrected calibration coefficients, which account for the change in the cosine collector's efficiency when submerged in water. Figure 1 also shows that the sled is visible through the ice. It is seen as a white patch just to the left of the entrance hole.
Although the sensors operated in the range 320-950 nm, we consider measured irradiances only in the range 400-900 nm here, since comparisons between different sensors show unsatisfactory agreement outside this wavelength range. Due to lacking intercalibration, a correction was applied to the albedo and transmittance values, determined by placing the two corresponding sensors next to each other pointing in the same direction, and calculating the ratio of the measured irradiances. Albedo and transmittance was then divided by the irradiance ratio for the respective pair of sensors, giving corrections of no more than 2.6% at any wavelength.
The cloud cover varied during the field campaign. On 17 April the sky was clear, on 21 April there was a thin high cloud layer through which the sun was visible, as well as low stratus clouds in the surrounding sky, and on 25 April there were some scattered clouds, mostly not covering the sun.
Since the ice was very thin and soft, ice samples were collected by cutting blocks of ice using a stainless steel saw and putting them quickly into plastic containers to minimize brine drainage. Later the same day, the ice blocks were melted at room temperature [cf. Rintala et al., 2014] , and the melted samples were prepared for particle (a p ) and CDOM (a CDOM ) absorption measurements. The samples were measured in bulk, so no vertical variation is resolved. For measurement of CDOM absorption, 0:2 lm membrane filters (Pall Acrodisk PF with Supor membrane) and precleaned all-plastic syringes were used. The samples were filtered into precombusted amber glass vials, and stored at 4 C until the absorbance was measured using a Shimadzu UV-1800 spectrophotometer. A 10 cm quartz cuvette with pure water as reference was used, and absorbance values were converted to absorption coefficients for the wavelength range 280-700 nm. For wavelengths longer than 700 nm CDOM absorption was assumed to be zero.
For measurement of particle absorption, the meltwater was filtered through Whatman GF/F 125 mm glass fiber filters using low vacuum. The filters were placed in Petri dishes, wrapped in aluminum foil, and stored at 280 C until analysis. To determine the particle absorption coefficient a p in the range 280-900 nm, the transmittance-reflectance (T-R) method [Tassan and Ferrari, 2002] was applied. This technique involves measuring the transmittance and reflectance of the filter in a spectrophotometer, alternating the side of the filter facing the light source. The four different spectra are subsequently used to calculate the absorption coefficient.
Model
A radiative transfer model based on DISORT [Jin and Stamnes, 1994; Thomas and Stamnes, 1999; Stamnes et al., 2011] called AccuRT [Hamre et al., 2014] (version 1.0.613, available from Geminor Inc., Maplewood, NJ, USA) was used to model the albedo and transmittance of the sea ice. AccuRT is a radiative transfer model for a plane-parallel, coupled atmosphere-snow-ice-ocean domain, which employs the discrete-ordinate method to solve the radiative transfer equation. AccuRT includes atmospheric gases, aerosols, clouds, and snow materials in an upper slab, which has refractive index equal to 1, as well as sea ice and water in a lower slab, which has a refractive index equal to that of ice or water. Further, each slab may have multiple layers with inherent optical properties (IOPs) that are constant within each layer, but may differ between adjacent layers. Since the refractive index of ice is close to that of water [Warren and Brandt, 2008; Pope and Fry, 1997; Segelstein, 1981] , a fair approximation is to keep the refractive index constant with depth in the lower slab, also when this slab includes an ice layer above the water layer. Snow on top of the ice in the upper slab and ice inclusions (brine pockets, air bubbles, and impurities) are represented as spherical particles with a given size distribution and refractive index, and Mie theory, or a parameterized version of it, is used to calculate the IOPs. For this study the parameterized version is used, since it is accurate enough for the wavelength range considered [Stamnes et al., 2011] . This version uses the Henyey-Greenstein phase function, but calculates the asymmetry parameter g based on the radius and refractive index of the spheres.
Biogenic or terrigenous particulates may be included in the ice by specifying the imaginary part m i of the particulates' refractive index. It is related to the absorption coefficient a of the particulates, which are assumed to be evenly distributed throughout the ice slab. Thus
where k is the wavelength and / imp is the volume fraction occupied by impurity particles. The factor 1=/ imp is needed to convert the absorption coefficient of distributed particles ( Figure 2 ) to that of the bulk material comprising the particles. Figure 2 shows measured absorption coefficients for particulate and dissolved constituents in the ice. Each day, two ice samples were collected for melting and consequent filtering for measurement of particulate and dissolved absorption coefficients. Figure 2 shows the mean of the measured values for the two samples. On 17 April, the difference between the CDOM absorption coefficients obtained from the two samples (not shown) was found to be small in the visible range, but to reach 0:4 m 21 around 280 nm. On 21 April, the greatest difference between the CDOM absorption coefficients obtained from the two samples (also not shown) was found to be in the range 300-400 nm, where it reached 0:6 m 21 at the most, highlighting high spatial variability. Figure 2 shows that for wavelengths longer than 400 nm, particles contribute more to the total absorption than CDOM, while for wavelengths shorter than 400 nm CDOM gave the most significant contribution to the total absorption on 21 April. Figure 3 shows the mean values of measured albedo and transmittance. Because the ice was fairly homogeneous, the variation along the transect was small, as indicated in Figure 3 by the narrow shaded area around each line that represents the 61 standard deviation from the mean values. On 21 April the first three positions and the last position (closest to the entrance hole) were disregarded in Figure 3 , since the transmittance values at these positions were notably lower than at the other positions. Inclusion of those four transmittance values would lead to (wavelength dependent) standard deviations for transmittance that were 2-6 times larger than those presented in Figure 3b . The area farthest away from the entrance hole may have been subject to rafting of ice, creating a patch of thicker ice, and the position . Shown also are absorption coefficients for pure ice [Warren and Brandt, 2008] and pure water [Pope and Fry, 1997; Segelstein, 1981 ] (values on the right ordinate axis). These spectra were used as inputs to the AccuRT simulations. Particle and CDOM samples were collected only on 17 and 21 April.
Results
Measurements
Journal of Geophysical Research: Oceans
10.1002/2015JC011254
closest to the entrance hole may have been influenced by slush from the creation of the hole, air bubbles being pushed under the ice by the sled, or shading by the operator. The exact cause of these four low transmittance values is, however, not clear.
The transmittance generally becomes lower as the ice becomes thicker, but on 17 and 21 April the values in Figure 3b are seen to be almost equal in the region 550-650 nm (cf. section 4.1). The thin snow cover on 25 April caused a small decrease (less than 8%) in transmittance compared to that for bare ice on the same day. The albedo ( Figure 3a ) was lowest on 21 April, and highest on 17 April, except for wavelengths shorter than 500 nm, where higher values occurred on 25 April. Unlike the transmittance, which was measured along a transect, the albedo was measured at a fixed location. Therefore, the variances of the measured albedo was small compared to that of transmittance. The standard deviations did not exceed 0.0015 any day or wavelength. Table 1 summarizes bulk values of albedo a and transmittance T, given as
where F s is the incoming solar irradiance, and k is wavelength. The integration interval is either 400-900 nm or 400-700 nm (PAR), as indicated in Table 1 .
Simulations
In the radiative transfer simulations by means of AccuRT, both the resolution and the bandwidth were set to 1 nm, and the simulated albedo and transmittance spectra were postprocessed with a Gaussian smoothing filter (standard deviation 5 nm). The parameters used in the simulations are given in Table 2 . Sea ice was represented using a single, uniform layer. Figure 4 shows the difference between simulated values and the observed mean values in Figure 3 . For most wavelengths the absolute value of the difference in Figure 4 is less than 5%, both for the transmittance and the albedo. For wavelengths shorter than about 600 nm the transmittance difference is negative, indicating that the simulated transmittance values are lower than the measured values, while for wavelengths longer than 650 nm the difference is mostly positive. The difference between simulated and Figure 4 is mostly negative for 17 April. For 21 April the difference is positive for wavelengths shorter than about 680 nm and negative for longer wavelengths, and for 25 April the difference is small but mostly negative. The difference between simulated and observed values is of the same magnitude for the albedo and the transmittance. The root mean square error for all wavelengths and measurement days is below 0.04 for the transmittance and below 0.02 for the albedo. Figure 5 demonstrates the influence of various sea ice constituents on the simulations for 21 April. We see that the addition of only 0.5% bubbles to pure bulk ice has a significant effect on the entire transmittance or albedo spectrum, reducing the former and increasing the latter. The addition of brine pockets to the sea ice is seen to have a slightly different effect. While it also reduces the transmittance and increases the albedo at all wavelengths, the added water content gives a relatively higher absorption around 750 nm due to the difference between the absorption coefficients of pure ice and pure water (cf. Figure 2) , which makes the transmittance spectrum steeper between 700 and 750 nm.
As could be expected from Figure 2 , Figure 5 shows that the effect of adding impurities is strongest at the shortest wavelengths, where both the transmittance and the albedo are reduced by up to 10%. Adding a layer representing the light blue sled used to hold the under-ice radiometer led to an artificial increase of the transmittance, particularly for wavelengths shorter than about 740 nm, and a general artificial increase of albedo (though the albedo increase would not have been observed with the setup used here).
The inputs to AccuRT used to obtain the simulated results correspond to a very high amount of brine pockets in the ice (40%) and a low amount of air bubbles (0.6% or less). The surface temperature of the ice on 21 April was 25:8 C, and the seawater temperature was 21:6 C. If one assumes a linear temperature gradient, the mean temperature of the ice would be 23:7 C, which for the measured bulk ice salinity of 10 psu gives a brine volume of 13.4% following Cox and Weeks [1983] . Because some brine is likely to drain when ice samples are extracted [Notz et al., 2005] , 13.4% is probably a low Table 2 as inputs to AccuRT. As the snow was not removed under the albedo rack, Figure 4b does not have a curve for that case.
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estimate for the brine volume, and the actual bulk salinity is likely higher than the measured value. When ice samples were extracted for filtering, the ice was observed to be very porous, supporting a high brine volume percentage. Visually, the ice appeared to have a vertically oriented structure with brine channels rather than pockets, which could make drainage more effective.
The difference between the modelinferred and calculated values still seems rather large, and is discussed further in section 4.2.
4. Discussion 4.1. Measurements Figure 2 shows that the absorption by CDOM between 300 and 400 nm is very high on 21 April, with two distinct peaks centered around 335 and 361 nm. The same tendency is seen also on 17 April, but with much lower peak values, and the largest peak at a slightly different wavelength. These peaks may indicate the presence of mycosporine-like amino acids (MAAs) in the ice. Similar absorption peaks were observed in ice-free Kongsfjorden later the same year by Pavlov et al. [2014] , who attributed them to MAAs. The large difference in absorption between the two samples collected on 21 April indicates that the concentration of MAAs may have varied significantly over short distances. During the same period, the absorption by particles increased from 17 to 21 April, with distinct spectral peaks around 434 and 672 nm, indicative of buildup of biomass in the sea ice. Also, minor peaks around 318 nm are present in the a p spectra. In surface ice layers of Baltic sea ice that were exposed to high irradiance levels, similar absorption peaks were observed in samples with a high ratio of MAA to chlorophyll [Uusikivi et al., 2010] . Thus, highly transparent thin ice may result in high light exposure levels that could result in MAA production by organisms in the ice, leading to a significant attenuation of ultraviolet radiation [cf. Uusikivi et al., 2010; Piiparinen et al., 2015] . Figure 3b shows that in parts of the spectrum the transmittance through 11:5 cm thick ice on 21 April was nearly equal to that through 7 cm thick ice on 17 April. As the ice on 21 April was both thicker and had stronger absorption by particles and CDOM (Figure 2 ), this may seem strange, but may be due differences between the 2 days in the direction of the incident light. On 17 April there were no clouds, implying that the incident light was mostly direct light from the sun, which was low in the sky with a solar zenith angle of about 69 (Table 2 ). Light scattering in clouds present on 21 April would cause a larger fraction of the light to hit the surface with a smaller angle of incidence, leading to less specular reflection and shorter traveling distances through the ice slab. Two simulations with AccuRT for the range 400-900 nm (not shown), one with clouds, one without, confirm this behavior, the former having 0.06-0.11 higher transmittance through a thin layer of ice.
Another curious feature observed in Figure 3 is that the sum of albedo and transmittance exceeds 1 at certain wavelengths in the visible range, with a maximum of 1.12 at 529 nm on 17 April. This may be partially caused by spatial variability of the ice, as incident and reflected irradiance was not measured at exactly the same location as the transmitted. Any variations in the ice over short distances would have an effect, and the ice where albedo was measured may have been disturbed by bending under the weight of the Figure 5 . Sensitivity of (a) albedo and (b) transmittance, to different sea ice constituents on 21 April. The addition of inherent optical properties (IOPs) for different constituents as inputs to the AccuRT simulation is cumulative. Thus, the result labeled ''simulation with pure ice,'' implies the use of IOPs for pure ice only; the result labeled ''adding bubbles,'' implies the use of IOPs for pure ice and bubbles; the result labeled ''adding brine,'' implies the use of IOPs for pure ice, bubbles, and brines; the result labeled ''adding impurities,'' implies the use of IOPs for pure ice, bubbles, brines, and impurities; and the result labeled ''adding sled,'' implies the use of IOPs for pure ice, bubbles, brines, impurities, and sled.
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observers who set up the instruments. Furthermore, Figure 1 shows that the polystyrene sled used to hold the radiometer below the ice reflects light. Some of this reflected light is being scattered down again from the bottom surface of the ice, thus causing an artificial increase of transmittance that may be as large as 7% (see Figure 6 ).
Simulations
On the cloudy day of 21 April, two interesting local maxima appear in the spectral transmittance at 687 and 760 nm ( Figure 5 ). These maxima are located in bands where atmospheric molecular oxygen absorbs significantly [Greenblatt et al., 1990] , and could be explained as follows. Below the cloud layer, photons are traveling toward the ground with a wide distribution of directions. However, due to absorption, the amount of light reaching the ground decreases exponentially with traveling distance, so that vertically directed light will be least absorbed. Also, vertically directed light will have the lowest specular reflection from the ice and the least attenuation due to absorption passing through the ice, and hence the highest transmittance. For wavelengths with high atmospheric absorption, such as in oxygen absorption bands, the light incident on the surface will be more vertically oriented as a larger fraction of the oblique light is absorbed. Thus, the transmittance is higher in these bands. On cloud-free days, most of the light reaching the ground is contained in the solar beam, and there is no increased transmittance at wavelengths in absorption bands compared to that at other wavelengths. AccuRT simulations of light distributions at the ground (not shown) in the presence of clouds confirm the tendency of an enhanced fraction of vertically directed light in atmospheric absorption bands.
The fact that the two transmittance maxima are less evident in the measured spectra in Figure 5 likely indicates that the model overestimates this effect. Also, the dip in the simulated albedo seen at 760 nm ( Figure  5a ) is likely to be caused by vertically directed light in the oxygen absorption band, resulting in higher penetration of radiation into the ice and reduced albedo.
That the brine volume used in the model is more than 3 times that calculated from bulk salinity and temperature warrants commenting. The discrepancy seems unlikely to be caused wholly by brine drainage during ice sampling. As mentioned in section 4.4 halving the brine volume and increasing the effective radius of brine or air bubbles does not significantly impact the transmittance for wavelengths shorter than 700 nm. It is therefore possible that the need for such a high brine volume in the model could be connected to the same problem that causes the large difference seen around 800 nm (cf. section 4.3).
Model Uncertainties
The simulated results are reasonably good, but contain some uncertainties that are discussed below. Incident irradiance was not always accurately represented when clouds were present, partly due to difficulties finding a suitable set of parameters for the cloud layer. Further, a plane-parallel model cannot capture three-dimensional effects. For example, on 25 April there were scattered clouds not covering the sun, which could lead to irradiance levels above those under clear sky, due to additional light scattered from the clouds. This three-dimensional effect would also lead to a change in the average direction of the incoming solar radiation, which, as discussed above, could influence both the transmittance and the albedo.
Snow is represented in the model by spherical ice particles with a given effective radius. This representation is not realistic for the thin slushy snow with connected snow grains, present on 25 April. Therefore, the definition of the snow layer in the simulations is the result of an effort to tune the model to the observations, rather than accurately representing the actual conditions. The layer thickness was set to 1 mm, and the effective radius of the snow grains was much larger than the thickness of the snow layer (Table 2) . Although unrealistic, it gave reasonable values for albedo and transmittance.
For the ice there are uncertainties with respect to measurement of impurity absorption coefficients, particularly in the visible region where organic materials are strong absorbers, making it harder to simulate 
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ultraviolet and visible irradiances than irradiances in the near-infrared region. Furthermore, ice samples were not taken on 25 April, so impurity absorption spectra for that day were assumed to be the same as those on 21 April, which may be a significant source of error in the shorter end of the wavelength range considered here. The wavelength-independent scattering coefficient of the sled below the ice was based on a qualified guess intended to make the transmittance in the visible region close to the measured values. No optical measurements were made on the sled material, and one may speculate whether misrepresentation of the IOPs of the sled could explain the difference in the spectral slope seen between the measured and simulated spectrum from 400 nm to about 550 nm.
The fact that the ice is represented as a single layer could also make it harder to represent both albedo and transmittance at the same time. A single-layer approach was chosen to reduce the complexity of the modeling, and due to the fact that the ice was thin, and no information about the vertical structure of the ice was available. As such, more layers would introduce more unknowns, opening up to overfitting the results. However, the uncertainties described above cannot explain the difference between simulated and measured transmittance values seen around 800 nm. It is unclear why our model is unable to simulate the measured transmittance in this spectral region. One possibility could be that it is the measurements that are erroneous, but other measurements have shown a similar spectral shape of the transmittance, with a weak minimum at around 790 nm. For example, Rasmus et al. [2002] and Ehn et al. [2004] , who measured transmittance in the Gulf of Finland, through ice between 10 and 30 cm thick. The shape of the transmittance spectra around 800 nm in these two studies are similar to that for the measurements presented here. It should also be noted that the water in this region is brackish, having much lower salinities than the water in Kongsfjorden. Another example is Frey et al. [2011] , who observed a similar spectral shape around 800 nm for 0:83 m thick ponded ice. Since we are unable to simulate the observed behavior of the transmittance in this spectral region, which has little influence from impurities, we are led to believe that there may be features in the IOPs of pure sea ice or brine pockets that we have not been able to account for in our model.
Our absorption model is based on tabulated values for the absorption coefficients of pure ice (a i ) and water (a w ). If the fresh ice is not fully formed, it may contain more liquid water than included in the brine pockets. A simple way of accounting for the changes in absorption relative to that for pure ice might be to use a linear combination of a i and a w as absorption coefficient, instead of a i . However, as a i and a w are nearly equal at k5800 nm (Figure 2) , such an experiment does not yield much improvement in the simulated transmittance at this wavelength. Figure 7a shows the modifications (up to 80%) of the absorption coefficient of pure ice (''artificial a i '' in the figure) needed to reproduce the measured transmittance (Figure 7b ) on 21 April, in the region around 800 nm.
Another hypothesis that might be used to account for the unexplained difference relates to temperature dependence of absorption coefficients. There is no temperature dependence in our absorption model, but for both pure ice [Grundy and Schmitt, 1998; Grenfell, 1983] and water [Langford et al., 2001 ] the absorption coefficient a has some dependence on temperature T. The simulated transmittance would have been different if the tabulated coefficients were obtained on ice or water with significantly different temperature than that of our in situ measurements. For water (see Figure 2) , the model around 22 C and that the water in Ny-Ålesund was at freezing temperature, the change in the absorption coefficient would be 8% at the most, and about 3% at 800 nm. Thus, a temperature dependent change in the absorption coefficient appears to be much smaller than 80% needed to account for the difference in transmittance.
For ice, the absorption model is based on values from Warren and Brandt [2008] which pertain to a nominal temperature of 266 K. In this region, Warren and Brandt [2008] use values due to Grenfell and Perovich [1981] . A more recent compilation by Iwabuchi and Yang [2011] provides values for the temperature range 2113:5 to 23:15 C, based in part on Warren and Brandt [2008] , showing no variation with temperature in the range of wavelengths considered here, making temperature dependence an unlikely cause of the mismatch also in this case.
Absorption coefficients also depend to some degree on salinity, but the effects are small [R€ ottgers et al., 2014] . Furthermore, considering that the light travels mostly through ice, which is less saline, and that a similar spectral shape was seen by Rasmus et al. [2002] in waters with a salinity of only 2.8 psu, salinity does not appear to be a plausible explanation.
There is also a possibility that the scattering by brine pockets in this wavelength region is not accurately represented by the parameterized Mie code used, leading to incorrect transmittance. An indication that brine pockets are causing the problem can be seen in Figure 5 . The curves for simulations with pure ice, and pure ice with air bubbles, both have a local minimum near 800 nm, while after the addition of brine pockets this is no longer seen.
Sensitivity to Model Parameters
To investigate the sensitivity of the albedo and the transmittance to changes in the main model parameters, we made a series of simulations in which each parameter was changed between 250% and 150% relative to its default value in Table 2 . Figure 8 shows the resulting changes in integrated (equation (2)) PAR albedo and transmittance. For brine pockets and air bubbles, we see that an increase of the volume fraction has the opposite effect of an increase of the radius and that the integrated albedo and transmittance are more sensitive to a change in air bubbles than to a change in brine pocket inclusions. Changes in the volume fraction of cloud particles have the smallest effect.
We also see that the variations in integrated albedo and transmittance are of the same order when each parameter is varied, making it hard to find proper parameter values if only integrated radiometric quantities without spectral information are available. For example, the same integrated transmittance could be achieved with half the amount of brine if the bubble or brine radius is decreased concurrently. On We see that the absolute changes for albedo and transmittance are of similar magnitude, meaning that the relative changes are greater for albedo, due to the lower initial values. Figure 9 shows simulated albedo and transmittance for the range 300-2500 nm, along with a normalized version of one of the incident irradiance spectra. These simulations were performed to examine the total effect that this thin ice has on the broadband solar energy budget; to that end, the layer representing the IOPs of the measurement sled was not included. The transmittance is essentially zero for the wavelengths longer than about 1150 nm, falling off from the peak at 1070 nm to values around 10 211 at 1350 nm. The albedo on the other hand has nonzero values also in the near-infrared range due to specular reflection from the ice surface. Both cases without clouds show very little variability, except for two ranges, 1340-1430 nm and 1810-1910 nm, where the albedo drops suddenly, and varies a lot. In these two ranges the incident irradiance is close to zero due to high water vapor absorption in the atmosphere, and numerical difficulties occurred in the computation of the specular surface reflection.
Extended Spectral Region
The albedo is highest in the near-infrared for the case with bare ice and clear sky on 17 April, mainly due to high specular surface reflection when there are no clouds or snow that may redistribute the solar beam coming in at a near grazing angle of incidence to make the average propagation direction more vertical. At large solar zenith angles, adding a very thin snow layer on bare ice causes a reduction in the specularly reflected irradiance that is greater than the increase it causes in upward irradiance scattered by the added snow grains; thus, it can actually reduce the albedo. A comparison of Figure 9 with a simulation for 25 April without snow (not shown) shows that snow covering the ice increased the albedo for wavelengths shorter than about 1350 nm, but reduced the albedo for wavelengths longer than about 1350 nm. It should be noted, however, that the spectrally integrated albedo defined in equation (2) increased for snow-covered ice. A reduction in the near-infrared albedo of snow-covered ice can be seen in Figure 9 for wavelengths longer than 1340 nm on the gray curve representing 25 April.
It is also interesting to note that clouds reduce the spectral albedo at all wavelengths, which again can be explained by the redistribution of the incident light, which for this low sun-scenario is toward the vertical direction. Figure 9 . Simulated albedo and transmittance inferred from measured thin sea ice properties on 17, 21, and 25 April, together with the incoming normalized simulated irradiance spectrum at the ice surface. The wavelength range is 300-2500 nm, and dotted vertical lines indicate 400 and 900 nm, which are the limits of the spectral region for measured spectra. The noisy suppression in albedo seen around 1400 and 1900 nm is a numerical artifact caused by very low incoming irradiance due to strong water vapor absorption in the atmosphere.
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On both 17 and 25 April, 17% of the total energy is reflected, while on 21 April the corresponding percentage was 14%. The percentage of transmitted energy was lowest on 25 April at 47%, with 53 and 54% on 17 and 21 April, respectively. The energy absorbed in the ice increases as the ice becomes thicker: 30% for a thickness of 7 cm, 32% for a thickness of 11:5 cm, and 35% for a thickness of 14:6 cm. Assuming for now that all the absorbed energy goes to melting of ice-though in reality it will rather slow down growth-this corresponds to melt rates of 1:2; 0:8; and 1:6 mm h 21 , for 17, 21, and 25 April, respectively. A simple formulation for thermodynamic sea ice growth is [Lepp€ aranta, 1993] dh=dt5Q=q i L, where h is ice thickness, q i 5 917 kg m 23 is the ice density, and L53:35310 5 J kg 21 is the latent heat of fusion. Q, the heat flux from ice to air, is given as j i ðT w 2T air Þ=ðh1j i =j a Þ, where j i 52 W m 21 K 21 is the heat conductivity of sea ice, j a is a heat transfer coefficient for air and j i =j a 0:1 m; T air is the air temperature, and T w is the temperature at the ice-ocean interface. Using temperatures measured at the weather station in Ny-Ålesund near the times of the spectral observations as T air , and 21:6 C as T w , we get ice growth rates of 0:9; 1:0; and 0:5 mm h 21 , for 17, 21, and 25 April, respectively. These values are of similar scale to the melt rates due to absorption of solar radiation. The net effect of sum of growth and melt becomes 20:3; 0:2; and 21:1 mm h 21 , for 17, 21, and 25 April, respectively, while the observed growth between these days were 0:4-0:5 mm h 21 . While such simple estimates are not accurate, they do demonstrate that absorption of solar radiation in this ice can be a significant limiting factor to the sea ice growth.
Conclusion
This study is one of few that focus on radiative transfer in newly formed thin sea ice. Studies to further understanding of such new ice is of increasing importance in an Arctic Ocean where the ice cover becomes more seasonal, and possibly more dynamic, leading to more new ice. Improving our understanding on this area can help reduce uncertainties for the partitioning of solar radiation during spring and autumn, and hence the total energy budget of the Arctic.
We found 7-15 cm thick growing ice to be very soft, and to possibly contain up to 40% brine volume, but only 0.6% air volume. The presence of mycosporine-like amino acids in the ice appeared to have a significant spatial variability and day-to-day temporal variability, likely leading to a corresponding impact on the transmittance of ultra violet radiation. On average, the simulated albedo and transmittance of solar radiation were 0.16 and 0.51, respectively.
Under a cloudy sky we found molecular oxygen absorption bands in the atmosphere to favor light traveling less obliquely and thus slightly increase the fraction of light penetrating the ice within these bands compared to the penetration of light at wavelengths outside the bands. For large solar zenith angles, a cloud layer was found to increase the ice transmittance at all wavelengths, because it shifts the average direction of the light toward the vertical. Also, at large solar zenith angles, a thin layer of snow on top of the ice was found to increase albedo only for wavelengths shorter than about 1350 nm. For longer wavelengths, the albedo was found to decrease when a thin layer of snow was added. This decrease is due to reduction in specular reflection at the ice-snow interface, caused by the snow having scattered the incident light, such that it arrives from a smaller average zenith angle.
The plane-parallel model could reproduce measured spectral albedo and transmittance fairly well, with a transmittance deviation within 5% for most of the spectral region. We do see an unexplained deviation occurred in the vicinity of 800 nm, perhaps indicating the need for new laboratory measurements on pure ice, or improved modeling of brine pocket optical properties at these wavelengths. Still the model may be a useful tool for simulating a variety of thin ice cases.
